
MOLECULAR STRUCTURE AND CONFORMATIONAL STABILITY OF COALS 

Richard Sakurovs,  Leo J. Lynch and Wesley A. Barton 

CSIRO Divis ion of Coal Technology, PO Box 136, North Ryde 
NSW 2113, A u s t r a l i a  

ABSTRACT 

F a c t o r s  which i n f l u e n c r  the molecular conformation and s t a b i l i t y  of t he  
o rgan ic  f r a c t i o n s  of c o a l s  a r e  d i scussed .  Data f o r  an e x t e n s i v e  s u i t e  o f  
A u s t r a l i a n  c o a l s  from experiments  u s ing  nuc lea r  magnetic resonance techniques to 
measure t h e  e f f e c t s  of h e a t i n g  and exposure t o  py r td ine  on t h e  s t a b i l i t y  of c o a l  
molecular  s t r u c t u r e s  a r e  presented.  Two types of f u s i b l e  m a t e r i a l  a r e  l d e n t i f i e d  
and  how t h e s e  m a t e r i a l s  and t h e i r  E u s i b i l i t y  vary wt th  coa l  rank a r e  eva lua ted .  
Also the  rank and maceral  dependence of the d e s t a b i l i z i n g  e f f e c t s  of py r id ine  a r e  
catalogued.  
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INTRODUCTION 

The Molecular P r o p e r t i e s  o f  Coals 

Dry c o a l s  .are e s ; c n t i a l l y  o rgan ic  s o l i d s  a t  ambient temperature  and, excep t  
fo r  a degree  of molecular  mob i l i t y  a s s o c i a t e d  with a l i p h a t i c  s t r u c t a r e s  appa ren t  
f r o m  nuc lea r  magnet ic  resonance measurements ( I ) ,  t h e y  can be considered t o  be 
r i g i d  molecular  l a t t i c e s .  Although the  molecular s t r u c t u r e s  o f  o rgan ic  s u b s t a n c e s  
profoundly a f f e c t  t h e i r  s o l i d  s t a t e  p r o p e r t i e s ,  t h e  molecular  s t r u c t u r e  o f  c o a l s  
has  been l i t t l e  s t u d i e d  compared t o  t h e i r  chemical composi t ion and func t ion -  
a l i t y .  S t u d i e s  of coa l  s t r u c t u r e  a t  any l e v e l  a r e  d i f f i c u l t  hecause o f  t h e  
complex h e t e r o g e n e i t y  of  any p a r t i c u l a r  coa l  and the  g r e a t  v a r l a h i l i t y  o f  c o a l  
types t h a t  occur .  

Broadly speaking t h r e e  main concepts  a r e  used t o  model t h e  molecular 
s t r u c t u r e  of c o a l s :  

L) Coals a s  macromolecular three-dimensional  c r o s s l i n k e d  v i s c o e l a s t i c  g l a s s y  
s o l i d s  ( 2 , 3 ) .  

11) Coals as macromolecular/molecular tdo-phase systems - t h e  h o s t l g u e s t  O K  

' r i g i d '  and 'mobile '  phase model (4-6).  

i i i )  Coals  a s  p a r a c r y s t a l l i n e  subs t ances  dep ic t ed  a s  having amorphous and o rde red  
m t c e l l a r  r eg ions  ( 7 ) .  

The major l i m i t a t i o n  t o  the  use fu lness  of each of t hese  concepts  (and,  no 
doubt ,  t he  n e c e s s i t y  f o r  a l l  t h r e e )  stems from the g r e a t  v a r t a b i l i t y  o f  c o a l  
types.  Also,  t h e s e  concepts  have mostly been app l i ed  only t o  the  v t t r t n i t a  
macetals .  

Conformat iona l  s t a b l l t t y  and t h e  molecular  s t r u c t u r e  of o rgan ic  s o l i d s  a r e  
determined b o t h  by t h e  n a t u r e  of t he  molecular network (how d i s c r e t e  molecular  
u n i t s  a r e  connected by cova len t  c r o s s l t n k s )  and by t h e  n a t u r e  and d i s t r i b u t i o n  of 
the  v a r i o u s  non-covalent i n t e r a c t i o n s  amongst t hese  u n i t s .  The non-covalent 
i n t e r a c t i o n s  inc lude  l o c a l i z e d  (e.g.  hydrogen bonds) and non-local ized 
e l e c t r o s t a t i c  i n t e r a c t i o n s  and the short-range non-polar i n t e r a c t i o n s  between 
molecular  u n i t s  due t o  the  ub iqu i tous  and weak van d e r  Waals t nduc t lon  and London 
d i s p e r s i o n  f o r c e s  (8). t 

Thus i n  t h e  c a s e  of t h e  aromatic-r ich ( i . e .  v i t r t n i t e  and i n e r t i n i t e )  4 

macerals  o f  c o a l s ,  i f  t he  molecular  u n i t s  a r e  considered t o  be  condensed a r o m a t i c  
and hydroaromatlc  r i n g  s t r u c t u r e s ,  t h e  molecular  conformation and s t a b i l i t y  of t h e  
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macera ls  is determined by t h e  d e n s i t y  o f  c o v a l e n t  c r o s s l i n k s ,  t h e  degree  of  p o l a r  
f u n c t i o n a l i t y  and the  s i z e  and geometry of the  condensed r i n g  u n i t s .  

The a l i p h a t i c - r i c h  l i p t i n i t e  macerals a r e  comprised o f  a v a r i e t y  of 
s t r u c t u r e s  i n c l u d i n g  long-chain a l k a n e s ,  polymertzed a l t c y c l i c  s t r u c t u r e s  and 
hydroaromatic u n i t s  ( 9 ) .  T h e i r  conformation is determined l a r g e l y  by c o v a l e n t  
c r o s s l i n k s  and probably o n l y  t o  a minor e x t e n t  by p o l a r  i n t e r a c t i o n s .  

One means of i n v e s t i g a t i n g  molecular s t r u c t u r e s  i s  t o  de te rmine  t h e  e x t e n t  t o  
which a s o l i d  can be d e s t a b t l i z e d  by hea t  p r i o r  t o  i t s  p y r o l y t i c  decomposition. 

S i g n i f i c a n t  molecular  m o b i l i t y  a c t i v a t e d  i n  brown c o a l s  a t  t empera tures  
between 300 and 600 K has  been r e l a t e d  t o  t h e  f u s i o n  of t h e  e x t r a c t a b l e ,  
a l i p h a t i c - r i c h  f r a c t t o n  of t h e  c o a l s  (10).  Thermal d e s t a b i l i z a t i o n  of t h e  
molecular l a t t i c e  of a r o m a t i c - r i c h  macera ls  tn  bituminous c o a l s  a t  t e m p e r a t u r e s  
above -600 K is  a s s o c i a t e d  w i t h  t h e i r  c h a r a c t e r i s t i c  t h e r m o p l a s t t c i t y  (11).  
r e l a t i o n s h i p  between t h e  e x t e n t  of t h i s  f u s i o n  and the  molecular p r o p e r t i e s  of t h e  
v t t r i n t t e  and i n e r t i n i t e  macera ls ,  however, i s  not  wel l  understood. 

The 

The i n t e r a c t i o n  between s o l v e n t s  such  a s  p y r i d i n e  and c o a l  can a l s o  be 
i n t e r p r e t e d  i n  terms of  t h e  s t r u c t u r a l  f e a t u r e s  d i s c u s s e d  above. 9ow s m a l l  
n u c l e o p h i l i c  molecules d i s r u p t  i n t e r -  and in t ra -molecular  non-covalent 
i n t e r a c t i o n s  thereby  ' r e l a x i n g '  t h e  s t r u c t u r a l  mat r ix  and a l lowing  f u r t h e r  s o l v e n t  
p e n e t r a t i o n  has been e x t e n s t v e l y  d i s c u s s e d  by Peppas ( 1 2 ) ,  I a r s e n  (2 ,13)  and 
Marzec (14 ,15)  and t h e i r  co l leagues .  Indeed t h e  e x t e n t  t o  which exposure t o  a 
s o l v e n t  such  as p y r i d i n e  d e s t a b t l i z e s  a m a t e r i a l ' s  molecular S t r u c t u r e  is  a 
nedsure  of t h e  e x t e n t  t o  which the  s t a b i l i t y  of the  m a t e r i a l  depends on non- 
covalen t  and i n  p a r t i c u l a r  p o l a r  i n t e r a c t i o n s .  Solvent d e s t a b i l i z a t i o n  o f  t h e  
molecular  s t r u c t u r e  of  o r g a n i c  m a t e r i a l s  can  be q u a n t t f i e d  by s imple  NMR 
measurements a t  ambient tempera tures .  Such measurements have shown t h a t  up t o  
-60% of a c o a l ' s  molecular  s t r u c t u r e  can be d e s t a b i l i z e d  by p y r i d i n e  and, b y  t h e  
same token ,  t h a t  a t  least - 40% 1s tmpervious t o  p y r i d i n e  (15-17). 

Recent ly  Quinga and I a r s e n  (18)  have cons idered  t h e  r o l e  of non-polar 
i n t e r a c t i o n s  in c o a l s .  In p a r t t c u l a r ,  they  poin ted  out  the  l i k e l y  importance o f  
London d i s p e r s i o n  f o r c e s  between p l a n a r  a r o m a t t c  u n i t s  and t h a t  t h e  e f f e c t  of 
t h e s e  short-range i n t e r a c t i o n s  on t h e  s t a b t l i t y  of a l a t t i c e  would i n c r e a s e  w i t h  
i n c r e a s i n g  s i z e  o f  t h e  molecular  u n i t s .  Thus the  g r e a t e r  c o n c e n t r a l i o n  and growth 
i n  average  s i z e  o f  t h e s e  u n i t s  wi th  i n c r e a s i n g  rank f o r  bttuminous c o a l s  l e a d  t o  
enhancement of t h e  r o l e  of t h e  London d i s p e r s i o n  i n t e r a c t i o n  i n  t h e  s t a b i l i z a t i o n  
o €  t h e  molecular l a t t i c e  of t h e s e  c o a l s .  This process  no doubt l e a d s  t o  t h e  
format ion  of  t h e  ordered  g r a p h i t e - l i k e  s t r u c t u r e s  d e t e c t a b l e  by X-ray d i f f r a c t i o n  
(e.g. r e f .  7 )  and a p p a r e n t l y  n o t  d i s r u p t e d  by exposure o f  t h e  c o a l s  t o  p y r i d i n e  
and t h e t r  r e s u l t a n t  s w e l l i n g  (19).  Also t h e  microscopic  conformal and r e v e r s i b l e  
n a t u r e  of t h e  s w e l l i n g  of c o a l s  by p y r t d i n e  e s t a b l i s h e d  by Brenner ( 2 )  p o i n t s  to  
t h e s e  ordered  s t r u c t u r e s  e x i s t i n g  i n  microdomains of dimension l e s s  than - 

Strong ev idence  o f  t h e  dominant i n f l u e n c e  of  molecular s t r u c t u r e  on t h e  
p r o p e r t i e s  of  c o a l s  is i m p l i c i t  tn the  s e v e r a l  d a t a  sets which show an extremum i n  
t h e  measured p r o p e r t y  when p l o t t e d  a g a i n s t  carbon rank. Examples a r e  t h e  ex t rema 
which o c c ~ I r  i n  t h e  s o l i d  s t a t e  p r o p e r t i e s  of mass d e n s i t y  (20) and pro ton  s p i n -  
l a t t i c e  r e l a x a t i o n  r a t e  ( 2 1 )  a s  w e l l  a s  i n  s o l v e n t  s w e l l i n g  and e x t r a c t a b t l i t y  
( 2 ) .  

Nuclear Magnetic Resonance Techniques 

Pro ton  n u c l e a r  magnettc resonance ('H NMR) measurements c a n  d i s t i n g u i s h  
hydrogen i n  r i g i d  molecular  s t r u c t u r e s  of c o a l s ,  i . e .  s t r u c t u r e s  t h a t  do n o t  
undergo a p p r e c i a b l e  r e o r i e n t a t i o n  and/or t r a n s l a t t o n  d u r t n g  t i m e  i n t e r v a l s  
s ,  from hydrogen in mobi le  s t r u c t u r e s  which possess  more r a p i d  molecular  mot ions  
c h a r a c t e r i s t i c  of fused  O K  rubbery m a t e r i a l s .  The d a t a  provided by t h e s e  
measurements a r e  p r e s e n t e d  i n  t h i s  paper in terms of a parameter M2T t h a t  measures 
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t h e  e x t e n t  and d e g r e e  of molecular mobi l i ty .  
t h e  f requency  spec t rum of t h e  NMR s i g n a l  ( 2 2 ) .  t r u n c a t e d  h e r e  a t  16 kHz, and  is 
t n v e r s e l y  r e l a t e d  t o  t h e  average  molecular m o b i l i t y  of  t h e  specimen. Thus the 
r e l a t i v e  d e c r e a s e  i n  M Z T  is a s e n s i t i v e  measure of the  e x t e n t  and d e g r e e  of 
m o b i l i t y  a c q u i r e d  by r i g i d  molecular s t r u c t u r e s  a s  a r e s u l t  of t h e i r  d e s t a b i l i -  
z a t i o n  by thermal o r  s o l v e n t  t rea tment .  

MZT is an  e m p i r i c a l  second moment O f  

The t e c h n i q u e  of 'H NMR thermal a n a l y s i s  y i e l d s  d a t a  i n  t h e  form of MZT 
pyrograms ( t y p i c a l  examples a r e  shown i n  F i g u r e s  1 and 2).  The f u s i b i l i t y  o f  a 
c o a l  can be ranked by t h e  minimum v a l u e  of  M2T (X2T(min)) a t t a i n e d  d u r i n g  t h e  
experiment.  

Because t h e  e x t e n s i v e  proper ty  of  a specimen measured by 'H NMR is t h e  
hydrogen c o n t e n t ,  i n  the d a t a  a n a l y s e s  d e s c r i b e d  below maceral  c o n t e n t s  which a r e  
determined on a volume b a s i s  (denoted by ~ 0 1 % )  have been conver ted  t o  a w t %  
hydrogen b a s i s  (denoted  by H-wt%) by t h e  method of Lynch e t  a l .  (23).  In 
p r a c t i c e ,  t h e  changes produced i n  t h e  maceral  c o n t e n t  v a l u e s  are s m a l l  except  f o r  
t h e  c o a l s  r i c h e s t  i n  l i p t i n i t e .  

EXPERIMENTAL 

Data have been obta ined  f o r  an e x t e n s i v e  s u i t e  of w e l l  c h a r a c t e r i z e d  
A u s t r a l i a n  c o a l s  by 'H NMR exper iments  which probe s e p a r a t e l y  t h e  e f f e c t s  o f  h e a t  
and t h e  e f f e c t s  o f  exposure  t o  the  n u c l e o p h i l i c  s o l v e n t  p y r i d i n e  on t h e  molecular  
s t a b i l i t y  of the  c o a l s .  

The c o a l s  and c o a l  f r a c t i o n s  which have been examined by 'H NMR thermal  
a n a l y s i s  a r e  subdiv ided  i n t o  two s e t s  a s  fo l lows:  

a )  9 5  A u s t r a l i a n  bituminous c o a l s  ( b o t h  whole c o a l s  and maceral  c o n c e n t r a t e s  
i n c l u d i n g  10 p a i r s  of v i t r i n i t e  and i n e r t i n i t e  c o n c e n t r a t e s  o b t a i n e d  by 
d e n s i t y  s e p a r a t i o n )  w i t h  carbon c o n t e n t s  of 80 - 89% ( d a f )  and hydrogen 
c o n t e n t s  between 4.1 and 6% ( d a f ) ;  

b )  25  sub-bituminous and brown c o a l s  w i t h  carbon c o n t e n t s  of less than  80% ( d a f ) .  

The v i t r i n i t e  and i n e r t i n i t e  (predominantly s e m i f u s f n i t e  and i n e r t o d e t r i n i t e )  
c o n t e n t s  of t h e s e  c o a l s  a r e  in the  ranges  10 - 98 and 5 - 80 v o l %  (mmf) 
r e p e c t i v e l y .  The l i p t i n i t e  c o n t e n t  never exceeds 22 vol% and i s  <=IO volX i n  most 
coa ls .  

P y r i d i n e  s w e l l i n g  exper iments  involved  a s u i t e  of  46 bituminous whole c o a l s  
and maceral  c o n c e n t r a t e s  s e l e c t e d  from set ( a )  above. 

A l l  c o a l s  were ground t o  <SO0 urn and acid-washed t o  remove HC1-soluble i r o n  
( 2 4 ) .  The r e s u l t i n g  specimens were s t o r e d  a t  255 K under n i t r o g e n  u n t i l  they  were  
d r i e d  o v e r n i g h t  under  n i t r o g e n  a t  378 K immediately p r i o r  t o  thermal  a n a l y s i s  O K  

a d d i t i o n  of p y r i d i n e .  

The thermal  a n a l y s i s  experiments involved  the  c o l l e c t i o n  of  'H NMR d a t a  w h i l e  
c o a l  samples were be ing  h e a t e d  a t  4 K/min t o  875 K under non-oxidizing c o n d i t i o n s .  

In t h e  s o l v e n t  s w e l l i n g  s t u d y  each  c o a l  was soaked i n  excess  d e u t e r a t e d  
p y r i d i n e  i n  a s e a l e d  g l a s s  ampoule f o r  approximate ly  two months b e f o r e  NMR 
measurements were made a t  room temperature.  

DATA ANALYSES AND RESULTS 

Thermal A n a l y s i s  Data 

In F i g u r e s  1 and 2 t h e  MZT pyrograms f o r  seven  r e p r e s e n t a t i v e  c o a l  specimens 
a r e  p l o t t e d .  A n a l y t i c a l  d a t a  f o r  t h e s e  m a t e r i a l s  are l i s t e d  i n  Table  1. 

704 

4 

, 



The M Z T  pyrogram of a t y p i c a l  brown c o a l  ( a )  r e v e a l s  t h e  s i g n i f i c a n t  
thermally a c t i v a t e d  molecular  m o b i l i t y  which o c c u r s  on h e a t i n g  from room 
temperatdre  t o  - 600 K. This  has been shown t o  be the  r e s u l t  of f u s i o n  of the 
e x t r a c t a b l e  component of t h e s e  c o a l s  (IO). The r e d u c t i o n  i n  molecular  m o b i l i t y  
( i n c r e a s e  i n  MZT) above 600 K r e s u l t s  most ly  from v o l a t i l e  loss of t h i s  ' g u e s t '  
m a t e r i a l .  The M pyrogram of the e x t r a c t e d  r e s i d u e  of a brown c o a l  ( b )  which 
c o n s t i t u t e s  u s u a f l y  >BO% of t h e  t o t a l  c o a l  e x ' l i h i t s  only a low l e v e l  of t h e r m a l l y  
a c t i v a t e d  molecular  mobi l i ty .  The shal low mtnimum which does occur  i n  t h i s  
pyrogram i s  probably due t o  f u s i o n  oE r e s i d u a l  ' g u e s t '  m a t e r i a l .  Thus the  e x t r a c t  
r e s i d u e  or  'hos t '  component of brown c o a l s  (cons idered  t o  b e  l ign in-der ived)  has  
no s i g n i f i c a n t  fus ion  event  on h e a t i n g  t o  p y r o l y s i s  tempera tures  a t  4 Klmin. This  
is c o n s i s t e n t  wtth i t  being a h ighly  c r o s s l i n k e d  macromolecular s o l i d .  

The M Z T  pyrograms of two nominal ly  sub-bituminous c o a l s  a r e  recorded i n  
F igure  1. The thermal  behaviour  of t h e  lower rank C o l l i e  specimen (74.4% C) ( c )  
i s  s i m i l a r  t o  t h a t  of a brown c o a l  c o n t a t n i n g  l i t t l e  c x t r x t n h l e  ' g u e s t '  m a t e r i a l  
but  i t s  fus ion  is s h i f t e d  to h i g h e r  tempera tures  than t h a t  of the  brown c o a l s .  
The h igher  rank Amberley specimen (80.2% C) ( d )  c l e a r l y  shows two f u s i o n  
t r a n s i t i o n s .  The f i r s t  p a r a l l e l s  t h a t  of t h e  C o l l i e  c o a l  u n t i l  the  second s h a r p  
t r a n s i t t o n  occurs  above 600 K. This  c o a l  has  a h i g h  l i p t i n i t e  conten t  (18 ~ 0 1 % )  
and a cor respondingly  h igh  hydrogen c o n t e n t .  Its h i g h  v o l a t l l e  maLter va lue  
(47.3% d a f )  ranks i t  a s  a sub-bituminous c o a l  bu t  i t s  carbon rank (80 .2X  C d a f )  tr 
t n d t c a t i v e  of a lower rank bi tuminous coa l .  The second f u s i o n  t r a n s i t i o n  i9 
c h a r a c t e r l s t t c  of lower rank t h e r m o p l a s t i c  bi tuminous c o a l s  bu t  t h i s  c o a l  has  a 
c r u c i b l e  s w e l l i n g  number of only 2. 

The h i g h - v o l a t i l e  L i d d e l l  bt tuminous c o a l  (F igure  2 ( e ) )  shows l i t t l e  
t n d t c a t i o n  of thermally a c t i v a t e d  molecular  m o b i l i t y  below 500 K. There is some 
f u s i o n  between 500 and 600 K fol lowed by a major f u s i o n  t r a n s i t t o n  above 600 K 
which appears  very s i m i l a r  t o  the h igh  tempera ture  t r a n s i t i o n  of t h e  Amberley 
coa l .  This  L t d d e l l  c o a l ,  however, has  only  6% l i p t i n i t e ,  has a c r u c t h l e  s w c l l l n g  
number of 6.5 arid e x h l h i t s  c o n s i d e r a b l e  G t e s e l e r  f l u i d i t y .  We t h e r e f o r e  i d e n t i f y  
t h i s  htgh tempera ture  f u s i o n  event  wi th  the  a romat ic - r ich  macerals  of the  coa l  and 
a s s o c i a t e  i t  with the  thermoplegt ic  phenomenon. Hence, by i m p l i c a t i o n ,  a s t a g e  
has been reached i n  t h e  c o a l i f i c a t t o n  processes  whereby aromat ic - r ich  m a t e r i a l  
becomes f u s i b l e .  

The medium-volattle bt tuminous B u l l i  c o a l  which c o n t a i n s  no l t p t i n i t e  and has  
s i g n i f i c a n t  thermoplas t ic  p r o p e r t i e s  has  a MZT pyrogram ( f )  showing only one 
fus ion  t r a n s i t i o n  which is l e s s e r  i n  e x t e n t  and s h i f t e d  t o  h igher  tempera tures  
than t h a t  O E  the  Liddel l  coa l .  T1ii.i t r a n s i t i o n  is ,  of course ,  a t t r i b u t e d  t o  
aromat t c - r i c h  macerals .  

The M z T  pyrogram f o r  the Baralaba low-vola t t le  s e m i a n t h r a c i t e  (89.7% C) ( g )  
shows t h i s  m a t e r i a l  t o  be t o t a l l y  i n f u s t b l e  on h e a t i n g  t o  p y r o l y s i s  tempera tures .  

S t a t i s t t c a l  a n a l y s e s  were a p p l i e d  t o  the MZT d a t a  f o r  t h e  120 c o a l s  i n  s e t s  
( a )  and (b)  and f o r  those  swollen wi th  p y r i d i n e  t o  e s t i m a t e  va lues  of t h i s  
parameter  €or 'pure  average '  v i t r i n i t e ,  i n e r t t n i t e  and l t p t i n i t e  maceral groups.  
It was assumed t h a t  i n t e r a c t i v e  e f f e c t s  between macera ls  can be neglec ted  and 
hence t h a t  MZT v a r i e s  l i n e a r l y  wi th  maceral  composi t ion,  i.e. 

MZT - a * v t t r i n l t e  c o n t e n t  + b * l i p t i n i t e  c o n t e n t  + C. 1) 

The r e g r e s s i o n  c o e f E i c i e n t s  a ,  b and c provide  c a l c u l a t e d  M v a l u e s  f o r  'pure '  
v i t r i n i t e  (=- 100 * a + c ) ,  ' pure '  i n e r t i n i t e  (=c)  and 'pure' l i p t i n i t e  (= 100 * b 
+ c) .  
e x t r a p o l a t l o n s  t o  100% l i p t i n i t e  a r e  much l e s s  r e l i a b l e  than those  t o  100% 
v i t r i n i t e  or i n e r t i n i t e .  

Because the  l i p t t n i t e  c o n t e n t s  span a l i m i t e d  range of  v a l u e s ,  

705 



By apply ing  t h i s  a n a l y s i s  a t  d i s c r e t e  10 K tempera ture  i n t e r v a l s  t o  the  NMR 
thermal a n a l y s i s  d a t a  Eor the 120 c o a l s  i n  s e t s  ( a )  and ( b )  ( subdiv ided  i n t o  sub-  
bi tuminous and brown c o a l s  (<80% C ) ,  lower rank (80-85% C) and h i g h e r  rank (85-89% 
C )  bituminous c o a l s ) ,  r e g r e s s i o n  c o e f f i c i e n t s  a s  f u n c t i o n s  of  tempera ture  and 
hence s t a t i s t i c a l  M pyrograms r e p r e s e n t a t i v e  of the t h r e e  maceral groups were 
generated (F igures  5-5 ) .  
data  on c o a l s  wi th  a range oE thermal  p r o p e r t i e s  and whose p e t r o g r a p h i c  
s p e c i f i c a t i o n s  a r e  s u b j e c t  t o  c o n s i d e r a b l e  exper imenta l  u n c e r t a i n t y  (ZS), they a r e  
q u a n t i t a t i v e l y  imprec ise  and can be i n t e r p r e t e d  only  in a broad q u a l i t a t i v e  
manner. 

Because t h e s e  pyrograms a r e  der ived  s t a t i s t i c a l l y  from 

The 'pure '  v i t r t n i t e s  r e p r e s e n t a t t v e  of both bi tuminous c o a l  s u b s e t s  remain 
thermally s t a b l e  b e f o r e  t h e  o n s e t  oE f u s i o n  a t  t empera tures  above 600 K and have 
approximately the same maximum e x t e n t  of f u s i o n  (minimum MZT) ( F i g u r e s  4 and 5). 
The reg ion  of g r e a t e s t  f u s i o n  is s h i f t e d  t o  h igher  tempera tures  f o r  t h e  h igher  
rank bi tuminous c o a l  s u b s e t ,  c o n s i s t e n t  w i t h  the  expected rank dependence of c o a l  
t h e r m o p l a s t i c i t y  (e .g .  r e f s .  26 and 2 7 ) .  (This  is  b e t t e r  demonstrated by the p l o t  
o f  the tempera ture  of maximum f u s i o n  ( i . e .  minimum MZT v a l u e )  v e r s u s  mean maximum 
v i t r i n i t e  r e f l e c t a n c e  Rvmax f o r  the i n d i v i d u a l  c o a l s  of the  s e t  (F igure  6 ) ) .  

The ilZT pyrograms Eor t h e  'pure '  i n e r t t n i t e s  r e p r e s e n t a t i v e  of  t h e  two lower  
rank c o a l  s u b s e t s  ( F i g u r e s  3 and 4 )  i n d i c a t e  l i t t l e  molecular  m o b i l i t y  Ln the  
temperature  reg ion  of c o a l  t h e r m o p l a s t i c i t y  ( i . e .  >- 700 K). However, t h e  wel l  
der ined  minimum i n  the cor responding  pyrogram f o r  the h i g h e r  rank hi tuminous c o a l  
subse t  r e v e a l s  a degree  o f  f u s l h i l i t y  of i n e r t i n i t e s  i n  t h e s e  c o a l s .  

The much g r e a t e r  E u s i b i l i t y  of  t h e  l t p t i n i t e  macera ls  compared t o  t h e  
a romat ic  macera ls  f o r  a l l  ranks i s  c l e a r l y  demonstrated by the  r e s u l t s  shown i n  
F lgures  3-5. The low tempera ture  f u s i o n  o f  the  sub-bituminous l i p t t n i t e s  i s  
s i m i l a r  i n  p r o f i l e  t o  t h a t  of t h e  brown c o a l  (F igure  l ( a ) ) ,  c o n s i s t e n t  wi th  t h e s e  
l i p t i n i t e s  c o n t a i n i n g  the ' g u e s t '  m a t e r i a l s  e x t r a c t a b l e  from brown and o t h e r  low 
rank c o a l s  ( 2 8 ) .  
fus ion  tempera tures  of the  hi tuminous l t p t i n i t e s  can be expla ined  in terms of  
these  m a t e r i a l s  having a more h i g h l y  c r o s s l i n k e d  macromolecular s t r u c t u r e  than the 
l i p t i n i t e s  i n  the brown c o a l s .  

The g r e a t e r  thermal  s t a b i l i t y  i n d i c a t e d  by t h e  much h i g h e r  

Because l i p t i n i t e s  comprise only  a smal l  f r a c t i o n  of most A u s t r a l i a n  
bi tuminous c o a l s ,  t h e i r  c o n t r i b u t i o n  t o  t h e  f u s i b i l i t y  O E  the  whole c o a l s  i s  
expected t o  be minor. Thus t h e  MZT pyrograms f o r  t y p i c a l  bi tuminous whole c o a l s  
(F igure  2(e)  and ( f ) )  c l o s e l y  r e f l e c t  the  thermal  behaviour  of the  a romat ic - r ich  
macerals .  

Solvent  D e s t a b i l t z a t i o n  Data 

The d e s t a b i l i z a t i o n  of bi tuminous c o a l  s t r u c t u r e s  due t o  exposure t o  p y r i d i n e  
i s  measured by the percentage  change ( d e c r e a s e )  I n  the  value of MZT (APIpyr) f o r  
the  c o a l  a f t e r  two months soak. l n  i n t e r p r e t i n g  the  r e s u l t s  f o r  AMpyr we s e e k  to 
i s o l a t e  t h e  s e p a r a t e  i n f l u e n c e s  of rank  and maceral  composi t ion.  
a l l  t h e  c o a l s  is p l o t t e d  a g a i n s t  v i t r i n i t e  c o n t e n t  (F igure  7), t h e r e  i s  wide 
s c a t t e r  and no recognizable  t r e n d .  However, L E  t h e  c o a l s  a r e  s e p a r a t e d  i n t o  h i g h  
(>86I C) a?d low (80-86% C )  rank  bi tuminous s u b s e t s  (F igure  7 1 ,  a s t r o n g  
dependence on v i t r i n i t e  c o n t e n t  t o r  t h e  lower rank s u b s e t  becomes apparent  - the  
g r e a t e r  the  v i t r i n i t e  conten t  the  g r e a t e r  the  p y r i d i n e  d e s t a b i l i z a t i o n .  The 
i m p l i c a t i o n  t h a t  v i t r i n i t e  macerals  a r e  d e s t a b l i z e d  by p y r i d i n e  t o  a g r e a t e r  
e x t e n t  than t h e  o t h e r  maceral  types is  confirmed by s t a t i s t i c a l  e x t r a p o l a t t o n  of 
t h e  AMpyr v a l u e s  t o  'pure '  macerals  by means of a l i n e a r  r e g r e s s i o n  analogous t o  
t h a t  g i v e n  by Equat ion 1 ( r e s u l t s  no t  p r e s e n t e d  here) .  

When AMpyr f o r  

From Figure  7 i t  i s  a l s o  apparent  t h a t  w i t h i n  the  bi tuminous range t h e  lower 
rank  c o a l s  a r e  d e s t a b i l i z e d  by exposure t o  p y r i d i n e  much more r e a d i l y  than the 
h igher  rank c o a l s .  
v i t r i n i t e  a r e  l i t t l e  i n f l u e n c e d  by prolonged exposure (F igure  7).  T h i s  rank 

Indeed,  some h igher  rank specimens c o n t a i n i n g  -80 H-wt% 
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e f f e c t  becomes c l e a r  when AMpyr is  p l o t t e d  a g a i n s t  \max f o r  the  v i t r i n i t e - r i c h  
specimens (>=60 H-wt% v i t r i n i t e )  (F igure  8). Above R max - 1.0 t h e  v i t r i n i t e s  
become i n c r e a s i n g l y  impervious t o  p y r i d i n e  d e s t a b i l i z x t i o n  and i t  is only  a minor 
e f f e c t  when Rvmax >- 1.5. 

Comparison of Thermal and P y r i d i n e  D e s t a b i l i z a t i o n  

The r e l a t i o n s h i p  between the  e x t e n t  of  thermal  d e s t a b i l i z a t i o n  of t h e  
molecular  s t r u c t u r e s  of v i t r i n i t e - r i c h  bi tuminous c o a l s  on the  one hand and 
pyr id ine  s o l v e n t  d e s t a b i l i z a t i o n  on the  o t h e r  is i l l u s t r a t e d  i n  Figure  9 i n  which 
the r a t i o  of the  decrease  i n  M Z T  dur ing  h e a t i n g  t o  t h e  tempera ture  of maximum 
e x t e n t  of f u s i o n  t o  t h e  pyridine- induced decrease  AMpyr i s  p l o t t e d  v e r s u s  R p a x .  
For c o a l s  wi th  Rvmax < 1 t h i s  r a t i o  is independent  of rank and i ts  va lue  of 1.5 - 
2 (except  f o r  c e r t a i n  c o a l s  w i t h  r e l a t i v e l y  high l i p t i n i t e  c o n t e n t s  which 
t h e r e f o r e  enhance t h e i r  o v e r a l l  f u s i b i l i t y )  sugges ts  ( b u t  does not  r e q u i r e  - see 
below) an a p p r e c i a b l e  commonality between the  p a r t s  of  the  c o a l  s t r u c t u r e  thdL are  
d e s t a b i l i z e d  by s o l v e n t  and by thermal  t rea tment  r e s p e c t i v e l y .  A t  h i g h e r  rank tha> 
r a t i o  tends t o  i n c r e a s e  w i t h  \max, r e f l e c t i n g  t h e  reduced a h t l i t y  of p y r i d i n e  t o  
p e n e t r a t e  and d e s t a b i l i z e  molecular  s t r u c t u r e s  which a r e ,  however, t h e r m a l l y  
d e s t a b i l i z e d  a t  h igh  tempera tures .  

SUMMARY DISCUSSION 

Two d i s t i n c t  types  of f u s i b l e  m a t e r i a l s  occur  i n  c o a l s .  One type is 
a l i p h a t i c - r i c h  and a s s o c i a t e d  wtth t h e  l i p t i n i t e  macera ls  and t h e  o t h e r  i s  
contained i n  the  a romat ic - r ich  m a w r a l r  ind p a r t i c u l a r l y  t h e  v i t r i n i t e s  of 
bituminous c o a l s .  

In t h e  case  of low rank brown c o a l s  t h e  a l i p h a t i c - r i c h  e x t r a c t a b l e  m a t e r i a l  
f u s e s  a t  t empera tures  w e l l  below 600 K. With i n c r e a s i n g  coaliFLcatio.1 rank t h e  
thermal  s t a b i l i t y  of t h i s  l i p t i n i t e  m a t e r i a l  i n c r e a s e s  and the  tempera ture  range 
oE its f u s i o n  t r a n s i t i o n  approaches t h a t  of the  thermoplas t ic  phenomenon of 
bituminous c o a l s .  The enhanced s t a b i l i t y  wi th  i n c r e a s i n g  rank is a t t r i b n t e d  t o  
progress ive  covalen t  c r o s s l i n k i n g  which a l s o  would make the m a t e r i a l  non- 
e x t r a c t a b l e .  In  t h e  fused  s t a t e  i t  would remain a c r o s s l i n k e d  ‘rubbery‘  m a t e r i a l  
r e s i s t a n t  t o  s o l v e n t  s w e l l i n g  and shear- induced flow. 

Fusion i n  the  a romat ic - r ich  macera ls  is the b a s i s  of c o a l  t h e r m o p l a s t i c i t y  
and i t s  occurrence  i n  e f f e c t  ,def ines  the  bi tuminous range.  Fusion w i t h i n  t h e  
a romat ic - r ich  s t r u c t u r e s  of low-rank suh-hituminous c o a l s  is i n h i b i t e d  by t h e i r  
high covalen t  c r o s s l i n k  d e n s i t y .  V i t h  f u r t h e r  c o a l i f i c a t i o n  t h e s e  c r o s s l i n k s  a r e  
degraded and t h e r e  is loss of  o t h e r  Eunct ional  s i d e  groups.  A consequence of 
t h e s e  processes  is t h e  c o n s o l i d a t i o n  of t h e  a romat ic  u n i t s  i n t o  microdomains o r  
m i c e l l e s  ( 7 )  with i n c r e a s i n g  g r a p h i t e - l i k e  order .  These microdomains, s t a b i l i z e d  
by London f o r c e s ,  are i n i t i a l l y  smal l  and poorly ordered.  With increavind  rank 
they become l a r g e r ,  more ordered  and i n c r e a s i n g l y  s t a b l e  so t h a t  t h e i r  f u s i o n  
temperature  rises. Thermoplas t ic i ty  ceases  i n  a n t h r a c i t e s  when t h e s e  p h y s i c a l l y  
s t a b i l i z e d  s t r u c t u r e s  achieve  a degree of s t a b i l i t y  which i n h i b i t s  t h e i r  f u s i o n  
below t h e i r  t empera ture  of p y r o l y t i c  decomposi t ion.  Thts  s t a b i l i z a t i o n  process  i s  
g r e a t l y  a c c e l e r a t e d  by the rap id  condensat ion and growth in size of the  a romat ic  
u n i t s  forming the  ordered  domains a t  carbon rank > 87% (29). 

Of  t h e  a romat ic - r ich  macerals  the behaviour  descr ibed  above is most 
c h a r a c t e r i s t i c  of the  v i t r i n i t e s .  I n e r t i n i t c i  .arc L n  g e n e r a l  more oxygenated and 
aromat ic  than  t h e t r  corresponding v i t r i n i t e s .  Thei r  much g r e a t e r  thermal  
s t a b i l i t y  and r e s i s t a n c e  t o  p y r i d i n e  d e s t a b i l i z a t t o n  must r e l a t e  t o  g r e a t e r  
covalen t  c r o s z l l n k  d e n s i t y  a t  a l l  s t a g e s  of  c o a l i E i c a t i o n  and t h i s  would a l s o  
i n h i b i t  t h e  development of the  ordered microdomains i n  i n e r t i n i t e s  compared t o  
t h a t  i n  the  v i t r i n i t e s .  
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TABLE 1 Analyt tca l  data  f o r  representat ive  c o a l s  

Coal d e s c r i p t i o n  

m o i s t .  (%ad) ash(%db) V?l(%daf) C H N  S 
( X  d a f )  

- R30, Vic. 0.3 SO. 7 69.5 5.14 0.57 0.38 

C o l l i e ,  WA 11.9 8.1 39.4 74.4 4.31 1.32 0.91 

Amberley, Q l d  4.3 12.2 47.3 80.2 6.22 1.60 0.82 

Liddell  seam, NSW 2.8 5.8 39.5 83.4 5.63 2.19 0.41 

Bul l i  seam, NSW 1.2 8.9 22.4 89.2 4.86 1.62 0.46 

Baralaba, Qld 1.4 8.4 12.0 89.7 4.12 1 -88  1.18 

Lipt .  CSN C i e s e l e r  k m a x  V i t .  

(%)  (Xmmf) (%mmf) log (max f l u i d i t y ,  ddpm) 

R30, Vic. - - - - 
C o l l i e  WA 0.45 5 1  6 0 
Amberley, Q l d  0.59 80 18 2 - 
Liddel l  seam, NSW 0.78 8 3  6 6.5 2.26 

Bul l i  Seam, NSW 1.30 46  0 7.5 1.90 

Baralaba, Qld 2.14 63 0 0.5 nd 

____I 

nd = no d e t e c t a b l e  movement 
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M ~ T  pyrograms of a brown c o a l  (R30) ( a ) ,  i t s  e x t r a c t e d  res idue  (b), and 
a sample oE C o l l i e  ( c )  and Amberley (d)  subbituminous c o a l .  Analyt ica l  
data  i n  Table 1 .  

MZT pyrograms of a h i g h - v o l a t i l e  bituminous c o a l  ( e ) ,  a l o w - v o l a t i l e  
bituminous c o a l  ( E )  and a semi-anthracite ( g ) .  Analyt ica l  data i n  Table 
1. 

F ig-  1 

Fig. 2 
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Fig. 3 Pyrograms of 'pure' exinite (triangles), vitrinite ( 0 )  and inertinite 
( x )  for coals with < 80% carbon (daf). 

Fig. 4 Pyrograms of 'pure' exinite (triangles), vitrinite ( 0 )  and inertinite 
( x )  for coals with 80-85% carbon (daf). 

Fig. 5 Pyragrams of 'pure' exinite (triangles), vitrtnite ( 0 )  and inertinite 
( X )  for coals with 85-89% carbon (daf). 

Fig. 6 Plot of the temperature of maximum degree o f  fusion (TWt(min)) against 
reflectance (Rvmax) for bituminous coals. 

I 
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Fig. 7 

Fig. 8 

Fig. 9 

I 0 

x x 
X X  

X X  
*--11. -- 

X I  \ 

x 
\ 
\ 

0.6 0.8 1.0 1.2 1.4 $ 
A". Max (XI 

6 

Plot of Wpyr against vitrinite content (on a wt% hydrogen basis) for 
bituminous coals with 80-86% C ( 0 )  and >E62 C (XI. The line of best fit 
to these data for the lower rank subset is shown. 

Plot of Wpyr against R,,max for vitrinite-rich (>60 H-wt% vitrinite) 
bituminous coals. 
Plot of the ratio of the decreases in M2T due to heating and to expoeure 
to pyridine against \max for vitrinite-rich ( >  60 H-wt% vitrinite) 
bituminous coals. 
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